Epithelial tumor metastasis is preceded by an accumulation of collagen cross-links that heighten stromal stiffness and stimulate the invasive properties of tumor cells. However, the biochemical nature of collagen cross-links in cancer is still unclear. Here, we postulated that epithelial tumorigenesis is accompanied by changes in the biochemical type of collagen cross-links. Utilizing resected human lung cancer tissues and a p21 CIP1/WAF1 -deficient, Kras G12D -expressing murine metastatic lung cancer model, we showed that, relative to normal lung tissues, tumor stroma contains higher levels of hydroxylysine aldehyde-derived collagen cross-links (HLCCs) and lower levels of lysine aldehyde-derived cross-links (LCCs), which are the predominant types of collagen cross-links in skeletal tissues and soft tissues, respectively. Gain-and loss-of-function studies in tumor cells showed that lysyl hydroxylase 2 (LH2), which hydroxylates telopeptidyl lysine residues on collagen, shifted the tumor stroma toward a high-HLCC, low-LCC state, increased tumor stiffness, and enhanced tumor cell invasion and metastasis. Together, our data indicate that LH2 enhances the metastatic properties of tumor cells and functions as a regulatory switch that controls the relative abundance of biochemically distinct types of collagen cross-links in the tumor stroma.
Introduction
Collagen is the most abundant intrinsic matrix scaffolding protein and contributes to tissue tensile strength (1) . Various aspects of collagen metabolism, including its expression, deposition, organization, and turnover, are aberrant in epithelial cancer and have been implicated in tumor progression (2) . Evidence from multiple types of human epithelial cancers and experimental tumor models suggests that tumor extracellular matrix (ECM) stiffness is enhanced by an accumulation of collagen stabilized by covalent intra-and inter-molecular cross-links (3) . Collagen cross-linking is initiated in the extracellular space by the action of lysyl oxidase (LOX), a secreted copper-dependent amine oxidase that converts telopeptidyl lysine (Lys) and hydroxylysine (Hyl) residues to reactive aldehydes (Lys ald and Hyl ald , respectively) that condense with juxtaposed Lys, Hyl, and histidine (His) residues to form various types of cross-links (4) . The discovery that tumor cells have high expression of LOX and LOX-like family members led to the development of pharmacological inhibitors of these enzymes that, when administered to tumor-bearing animals, decrease the amount of collagen cross-links in tumors and suppress metastasis, suggesting that the amount of collagen cross-links in tumors controls disease progression (5) .
The types of collagen cross-links that form in normal connective tissues are determined prior to cross-link formation by the hydroxylation of telopeptidyl and helical Lys residues on collagen (4) . Mediating these changes are lysyl hydroxylases (LH1, LH2, and LH3) encoded by distinct procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD) genes; these intracellular enzymes induce hydroxylation of Lys residues on collagen prior to the formation of triple helical pro-collagen molecules (6) (7) (8) (9) (10) (11) . Following secretion of pro-collagen molecules into the extracellular space, the telopeptidyl Hyl residues undergo LOX-induced oxidative deamination into Hyl ald , which then forms Hyl ald -derived aldimine cross-links Epithelial tumor metastasis is preceded by an accumulation of collagen cross-links that heighten stromal stiffness and stimulate the invasive properties of tumor cells. However, the biochemical nature of collagen cross-links in cancer is still unclear. Here, we postulated that epithelial tumorigenesis is accompanied by changes in the biochemical type of collagen crosslinks. Utilizing resected human lung cancer tissues and a p21 CIP1/WAF1 -deficient, K-ras G12D -expressing murine metastatic lung cancer model, we showed that, relative to normal lung tissues, tumor stroma contains higher levels of hydroxylysine aldehydederived collagen cross-links (HLCCs) and lower levels of lysine aldehyde-derived cross-links (LCCs), which are the predominant types of collagen cross-links in skeletal tissues and soft tissues, respectively. Gain-and loss-of-function studies in tumor cells showed that lysyl hydroxylase 2 (LH2), which hydroxylates telopeptidyl lysine residues on collagen, shifted the tumor stroma toward a high-HLCC, low-LCC state, increased tumor stiffness, and enhanced tumor cell invasion and metastasis. Together, our data indicate that LH2 enhances the metastatic properties of tumor cells and functions as a regulatory switch that controls the relative abundance of biochemically distinct types of collagen cross-links in the tumor stroma.
Lysyl hydroxylase 2 induces a collagen cross-link switch in tumor stroma Yulong Chen, 1 Masahiko Terajima, 2 Yanan Yang, 3 Li Sun, 1 Young-Ho Ahn, 1, 4 of metastasis in mice that develop K-ras-mutant lung adenocarcinomas. However, KC mice had fewer lung tumors than Cdkn1a WT K-ras LA1 mice did (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI74725DS1), and the incidence of adenocarcinomas was similar in the two groups (Supplemental Figure 1B) , showing that the prometastatic effect of p21 deficiency was not associated with increased numbers or accelerated growth of primary lung tumors.
Metastasis of KC cells does not require p21 deficiency. Recognizing that KC mice are completely deficient in p21, we reasoned that metastasis could result from p21 deficiency in tumor cells, host tissues, or both. To examine the contribution of p21 deficiency in tumor cells, we established 4 lung adenocarcinoma cell lines (KC1-KC4) from lung tumors in KC mice and 2 lung adenocarcinoma cell lines (K1 and K2) from Cdkn1a WT K-ras LA1 mice. All of these cells expressed SPC (Supplemental Figure 2) , had somatically recombined the latent K-ras G12D allele (Supplemental Figure  3A) , and were either p21 deficient (KC1-KC4) or replete (K1 and K2) (Supplemental Figure 3B )(See complete unedited blots in Supplemental Material). Following injection of the various cell types into the flanks of syngeneic, immunocompetent Cdkn1a-null mice, primary tumors and lung metastases were quantified. As groups, p21-deficient tumors were larger ( Figure 2A ) and generated more lung metastases ( Figure 2B ) than p21-replete tumors did. However, the p21-deficient tumors were not uniformly tumorigenic and metastatic; KC1-KC3 tumors were significantly larger than KC4 tumors, and they generated more lung metastases than KC4 tumors did ( Figure 2, A and B) . Thus, KC cell lines generated tumors with variable biological properties in a p21-deficient host. To determine whether p21 reconstitution in tumor cells suppresses the growth and metastasis of tumors, we injected KC3 cells that express ectopic p21 or empty vector (Supplemental Figure 4A ) into syngeneic Cdkn1a WT or Cdkn1a-null mice. We found that p21 reconstitution in tumor cells did not suppress tumor size or metastasis in either host (Supplemental Figure 4 , B and C). To determine whether p21 expression in the host modifies the metastatic potential of p21-deficient tumor cells, we injected p21-deficient tumor cells that were highly (KC2) or poorly (KC4) metastatic into syngeneic Cdkn1a WT or Cdkn1a-null mice. We found that p21 deficiency in the host did not increase the size or metastatic propensity of KC2 tumors (Supplemental Figure 4 , D and E) or KC4 tumors (Supplemental Figure 4 , F and G). Collectively, these data suggest that p21 deficiency in tumor cells exerted a prometastatic effect at early stages of lung tumorigenesis and that the impact was irreversible.
To gain insight into how p21 deficiency regulates tumor cell metastatic capacity, we compared the in vitro properties of the 6 cell lines. Although the cell lines all exhibited epithelial morphologies, forming tight clusters of polygonal cells on plastic (Figure 2C) , they varied in their proliferative, migratory, and invasive activities. As groups, p21-deficient cell lines (KC1-KC4) were more migratory than p21-replete cells (K1 and K2) ( Figure 2D ), but the two groups of cells were not significantly different in their invasive ( Figure 2D ), proliferative (Supplemental Figure 5A ), or colony-forming activities (Supplemental Figure 5B) . Cocultured in Boyden chambers, KC2 cells suppressed K1 cell invasion (Supplemental Figure 6A ), whereas KC2 cells did not alter the morthat spontaneously rearrange into stable ketoamines; these further mature into stable Hyl ald -derived collagen cross-links (HLCCs) (12) . In contrast, LOX-induced oxidative deamination of telopeptidyl Lys residues forms a labile aldimine or an aldol condensation product that matures into unstable Lys ald -derived collagen crosslinks (LCCs) (12) . We have shown that overexpression of LH2 in osteoblasts induces a switch in the predominant type of collagen cross-link from LCC to HLCC, which qualitatively affects fibrillogenesis and matrix organization (7, 8) . HLCCs are abundant in skeletal tissues that require high mechanical strength, whereas LCCs are abundant in soft connective tissues (4). HLCC's central role in matrix organization and function is illustrated by the fact that patients with Bruck syndrome, a recessively inherited disorder with inactivating mutations in the gene encoding LH2 (PLOD2/ LH2), have traits of osteogenesis imperfecta with congenital contractures of the large joints (13) . Conversely, skin fibroblasts from patients with systemic sclerosis, a fibrotic disease involving skin and other organs, have elevated LH2 expression and increased production of HLCCs (11, 14) .
In contrast to the evidence from patients with connective tissue disorders, little is known about the biochemical nature of collagen cross-links in cancer. It is unclear whether the production of LCCs and HLCCs changes during tumor progression or whether these types of cross-links play distinct roles in the regulation of ECM maturation and metastasis promotion. Here, we postulated that tumor cells control the relative levels of HLCCs and LCCs in the tumor stroma and that a switch toward a high-HLCC, low-LCC state favors metastasis.
Results

Cdkn1a/p21
WAF1/CIP1 (p21) deficiency promotes metastasis of K-ras-mutant lung adenocarcinomas. To test our hypothesis, we interbred K-ras LA1 mice, which develop non-metastatic lung adenocarcinomas from expression of a somatically activated K-ras G12D allele (15) , with Cdkn1a-null mice (16) , which are deficient in p21, a cyclin-dependent kinase inhibitor that suppresses fibrosis in lung tissues (17) . p21 is silenced epigenetically in lung cancer cells, and p21 silencing is associated with advanced stage of disease in lung cancer and accelerates the progression of epithelial tumors induced by irradiation or H-ras expression in mice (18) (19) (20) (21) (22) (23) . However, it is unclear whether p21 functions as a suppressor of fibrosis and/or metastasis in K-ras-mutant lung adenocarcinomas.
To address this question, we generated mouse cohorts that had neither, either, or both mutant alleles (K-ras G12D and Cdkn1a -/-). Alone, p21 deficiency was associated with no reductions in survival or visible spontaneous tumors in the lung or other organs within the time frame of this study, which is consistent the relatively weak oncogenic activity of p21 deficiency in the absence of other oncogenic events (21, 22) . However, K-ras LA1 mice that were Cdkn1a-null (KC mice) had a shorter mean time to death than did Cdkn1a WT K-ras LA1 mice ( Figure 1A ). Metastases were present in KC mice (14 of 29, or 48%) but not Cdkn1a WT K-ras LA1 mice (0 of 18). KC mice had invasive lung adenocarcinomas ( Figure 1B ) and multifocal metastases that were histologically confirmed to be adenocarcinomas ( Figure 1C) . A pleural metastasis expressed surfactant protein C (SPC) ( Figure 1D ), a type II alveolar cell marker consistent with lung origin. Thus, p21 deficiency increased the incidence murine model are coordinately up-or downregulated in human lung cancer, we probed a database that compares human lung cancer with normal lung tissues (https://www.oncomine.org) with 67 genes that had the greatest fold change (31 up-and 36 downregulated) in our 1,809-gene expression signature. Twenty-five genes were coordinately up-or downregulated (P < 0.01, fold-change >1.5 relative to normal lung) in at least one of the human datasets ( Figure 3A ). Of these, AQP1 (a water channel protein) and TIMP3 (a metalloproteinase inhibitor) were decreased, and LH2 (a collagenmodifying enzyme) was increased, in the majority of the tumorto-normal tissue comparisons ( Figure 3A and Supplemental Table  3 ) and in highly metastatic KC cells (Supplemental Figure 8A) ; however, only Aqp1 differed between p21-deficient and -replete cells (Supplemental Figure 8A) . Furthermore, ectopic p21 expression in KC3 cells did not reverse the upregulation of LH2 or the downregulation of Aqp1 or Timp3 (Supplemental Figure 8B) . Thus, AQP1, TIMP3, and LH2 were of interest as candidate mediators of a p21-independent transcriptional program that regulates the metastatic propensity of KC cells. LH2 promotes lung cancer metastatic behavior and predicts poor prognosis in patients. Gain-of-function studies on TIMP3 and AQP1, which were downregulated in highly metastatic KC cells, revealed no detectable effect of ectopic expression of either gene on the migration or invasion of KC2 cells in Boyden chambers (Supplemental Figure 9 , A and B). Expression levels of the third gene of interest, LH2, were 10-30 times higher in the highly metastatic KC cells ( Figure 3B ) and included both LH2 isoforms, phology of K1 cell spheroids in collagen gels (Supplemental Figure  6B ), suggesting that secreted paracrine factors regulated tumor cell invasive activity in a contextual manner. Furthermore, highly metastatic cells (KC1-KC3) were more invasive than the poorly metastatic KC4 cells ( Figure 2D ), whereas poorly metastatic KC4 cells were more proliferative in monolayer culture (Supplemental Figure 5A ) and formed more colonies in soft agar (Supplemental Figure 5B ). Restoring p21 expression in KC3 cells did not suppress cell proliferation (Supplemental Figure 6C) , migration, or invasion (Supplemental Figure 6D) , indicating that p21 deficiency led to irreversible changes.
LH2 expression is upregulated in metastatic tumors. These findings raised the possibility that KC cells had acquired secondary genomic or epigenetic alterations. Each of the 6 cell lines exhibited aneuploidy (Supplemental Figure 7A ) and contained chromosomal translocations (Supplemental Figure 7B ), but no recurrent translocations were identified. Given that p21-replete and -deficient tumor cells were similarly aneuploid, aneuploidy was not examined further as a candidate driver of metastasis in these cells.
Next, we turned our attention to transcriptional regulation as a basis for metastasis. Using poorly metastatic KC4 cells as the reference, we identified 9,963 transcripts that were differentially expressed (P < 0.01, >1.5-fold change) in at least 1 of the 3 highly metastatic KC cells (Supplemental Figure 7C and Supplemental Table 1 ), of which 1,809 genes were up-or downregulated in all 3 highly metastatic KC cells (Supplemental Figure 7 , D and E, and Supplemental Table 2 ). To determine whether genes from the On the basis of these findings, we postulated that LH2 has a prometastatic role in human lung cancer and tested this hypothesis by quantifying intratumoral LH2 levels in a cohort of patients (n = 490) with stage I-IV lung adenocarcinoma or squamous cell carcinoma and correlating LH2 expression with survival duration. LH2 protein levels varied among tumors (Figure 4A ) and were higher in tumors with squamous cell histology ( Figure 4B ) or poor differentiation ( Figure 4C ) but did not correlate with KRAS mutational status. LH2 expression was associated with shorter survival ( Figure 4D ) in all patients evaluable for clinical outcome (n = 451, Supplemental Table 4 ); in patients with adenocarcinoma, but not squamous, histology ( Figure 4E) ; and in patients with small primary tumors ( Figure 4F ). The prognostic value of LH2 was confirmed in a compendium of 11 lung adenocarcinoma cohorts (n = 1,012 patients) (refs. 25-35 and Figure 4G ). Similar associations between LH2 mRNA levels and full-length (LH2b) and spliced at exon 13 (LH2a) (ref. 24 and Figure 3C ). Using 3 distinct shRNAs to deplete LH2 in highly metastatic KC1 and KC2 cells ( Figure 3D and Supplemental Figure 10A) , we showed that LH2 depletion significantly reduced KC1 and KC2 cell migration and invasion in Boyden chambers ( Figure 3E and Supplemental Figure 10B ). LH2 depletion had no detectable effect on KC2 cell proliferation in monolayer culture or colony formation in soft agar (Supplemental Figure 10 , C and D). In syngeneic Cdkn1a
WT mice, LH2-deficient KC2 tumors were smaller and generated fewer lung metastases than KC2 tumors transfected with scrambled shRNA did ( Figure 3F ). To extend these findings to human lung cancer, we used shRNAs to deplete LH2 in A549, a K-ras-mutant lung adenocarcinoma cell line that has high levels of LH2 expression (Supplemental Figure 11 , A and B), which decreased A549 cell migration and invasion in Boyden chambers (Supplemental Figure 11C) . Figure 4G ). LH2 expression is upregulated by STAT3 and by paracrine signals from cancer-associated fibroblasts. LH2 is a hypoxia-inducible gene and contains a hypoxia-inducible factor-1-binding (HIF-1-binding) site in the gene promoter (38) . However, HIF-1α levels in KC cell lines were not significantly different ( Figure 5A ), suggesting that HIF-1α levels alone were not sufficient to explain the differences in LH2 expression. The promoter region for the gene that is a cytokine-activated transcription factor, we postulated that LH2 expression in tumor cells is upregulated by extracellular paracrine signals. Using a population of cancer-associated fibroblasts (CAFs) in lung cancers that secretes diverse cytokines, chemokines, and growth factors (39), we tested this hypothesis by coculturing A549 cells with CAFs in Boyden chambers, which revealed that CAFs increased LH2 expression in A549 cells ( Figure 5G ). To determine whether STAT3 upregulates LH2 expression by binding directly to the LH2 gene promoter, we first performed cotransfection assays and found that STAT3 activated a LH2 gene promoter reporter ( Figure 6A ), but serial 5′ promoter deletions revealed that a minimal region required for STAT3 activation (-391 to +1) contained predicted binding sites for HIF-1 but not STAT3 (http://jaspar.genereg.net) ( Figure 6A ). Because STAT3 forms a complex with HIF-1α and thereby cooperates with HIF-1α to regulate the expression of HIF-1α target genes (40), we postulated that STAT3-induced LH2 expression is HIF-1α dependent. In support of this hypothesis, LH2 expression in A549 cells was diminished by shRNA-mediated depletion of HIF-1α ( Figure 6 , B and C). Furthermore, STAT3 and HIF-1α bound to a region of the endogenous LH2 promoter containing the HIF-1α-binding site ( Figure 6D ), and STAT3-induced LH2 promoter activation was mitigated by site-directed mutagenesis of the HIF-1α-binding site but not an adjacent Egr1-binding site ( Figure 6E ).
LH2 regulates tumor mechanical properties. Tumor cells secrete a variety of proteases and collagen cross-linking enzymes to remove obstructions in the ECM and align collagen fibers that provide substrates for integrin-mediated cell attachment and tracks for cell migration (41) . Comparisons between poorly and highly metastatic KC cells revealed similar levels of matrix metalloproteinase 2 (MMP2) enzymatic activity (Supplemental Figure 12 ), but highly metastatic cells had increased expression levels of Mmp9, Itga2, and Itgb3 and lower levels of Mmp3, Mmp10, Itga1, Itgb5, and Itgb7 (Supplemental Figures 13 and 14) , raising the possibility that LH2 is part of a larger matrix remodeling process regulated by tumor cells. By second harmonic generation (SHG) analysis, intratumoral collagen was organized into defined tubelike structures with variable diameters, lengths, and branching ( Figure 7A ). However, quantification of collagen fiber alignment by SHG ( Figure 7B ) and collagen fibril diameters by transmission electron microscopy ( Figures 7C and 7D ) revealed no consistent differences between LH2-replete (SCR) and LH2-deficient (SH1 and SH5) tumors. Despite their macromolecular and ultrastructural similarities to LH2-replete tumors, LH2-deficient tumors were markedly less stiff ( Figure 7E ), which implied that LH2-regulated collagen cross-links play a critical role in regulating tumor mechanical properties and indicated that further investigations into the collagen cross-links regulated by LH2 in the tumor stroma were warranted. LH2 induces a switch in the type of collagen cross-link. While all 3 LH family members catalyze the hydroxylation of helical Lys residues on collagen, only LH2 catalyzes the hydroxylation of telopeptidyl Lys residues and increases the formation of the HLCCs including dehydro-dihydroxylysinonorleucine/its ketomine (DHLNL), pyridinoline (Pyr), and deoxypyridinoline (d-Pyr) (4) . In contrast, dehydro-histidinohydroxymerodesmosine (HHMD) is an LCC, and hydroxylysinonorleucine/its ketomine (HLNL) can be classified as HLCC or LCC depending on Next, we determined whether the HLCC-to-LCC ratio is correlated with tumor metastatic properties. LCCs and HLCCs were quantified in tumors generated by injecting highly metastatic KC2 cells or poorly metastatic tumor cells (K1 or KC4) into syngeneic Cdkn1a WT mice. Prior to analysis, we confirmed that the cells had the aforementioned relative LH2 expression levels and metastatic activities (Supplemental Figure 15, A and B) . Unexpectedly, KC4 tumors had the highest levels of the HLCCs DHLNL and Pyr ( Table 1) . The HLCC-to-LCC ratio was significantly different between KC4 and KC2 tumors (17.69 ± 13.87 versus 5.95 ± 3.67, P = 0.049) but not between p21-replete K1 tumors (6.85 ± 2.36) and p21-deficient tumors (KC2 or KC4), or between highly (KC2) and poorly (K1 or KC4) metastatic tumors ( Table 1 ), indicating that HLCC-to-LCC ratios did not correlate with LH2 levels or metastatic potential in the cell line panel. To explore the basis for this surprising finding, we quantified the expression of LH family members (LH1-LH3), a galactosyltransferase that modifies hydroxylysines on collagen (GLT25D1), and LOX and LOX-like family members (LOXL1-LOXL4). We found that, relative to KC2 cells, KC4 cells had 10-fold higher levels of LOX (Supplemental Figure 16 ), which initiates cross-link formation in the extracellular space (4) and is therefore a potential contributor to the high HLCC levels in KC4 tumors.
Despite having significantly lower HLCC levels than KC4 tumors (Table 1) , KC2 tumors required LH2 to produce HLCCs ( Figure 8E ) and metastasize ( Figure 3F ). One interpretation of these findings is that KC2 and KC4 tumors differ in their responsiveness to HLCCs, and that the high endogenous HLCC levels in KC4 tumors are insufficient to induce metastasis. To determine whether KC4 tumors have a higher threshold of response, we ectopically expressed LH2 in KC4 cells ( Figure 9A ) and found that ectopic LH2 expression increased cell migration and invasion in Boyden chambers ( Figure 9B ) and enhanced tumor growth and metastatic capacity in syngeneic Cdkn1a WT mice ( Figure 9C ).
Discussion
Our findings show that LH2 promotes tumor cell invasion and metastasis, is correlated with poor prognosis in lung cancer patients, and functions as a regulatory switch that increases the HLCC-to-LCC ratio in tumors. The finding that tumor stiffness can be regulated by a change in the type of collagen cross-link challenges the current paradigm, in which the total amount of collagen cross-links is paramount (41) . This finding may also have implications for fibrosis associated with other diseases, including whether cross-links form between telopeptidyl Hyl ald and helical Lys or telopeptidyl Lys ald and helical Hyl, respectively (4). We quantified these collagen cross-links in human lung adenocarcinomas (n = 12) and a squamous cell carcinoma that were pathologic stage IA (n = 5), IB (n = 1), IIA (n = 3), and IIB (n = 3). Normal lung tissues from each patient's resected lobe were included as a comparison. All of the tissues analyzed had detectable levels of DHLNL, Pyr, d-Pyr, HLNL, and HHMD (Figure 8, A and B) . Compared with normal lung tissues, lung tumors had increased total amounts of collagen cross-links ( Figure 8A ), higher levels of the HLCCs DHLNL and d-Pyr, and reduced levels of the LCC HHMD ( Figure 8B ). Expressed as a ratio of total HLCCs (DHLNL + Pyr + d-Pyr) to LCCs (HHMD), lung tumors had a significantly higher HLCC-to-LCC ratio than normal lung tissues did (4.28 ± 2.38 versus 0.93 ± 0.31, P = 0.0004).
To determine whether tumors switch to a high-HLCC, low-LCC state independently of p21 expression status, we quantified collagen cross-links in normal and tumor-bearing lung tissues from age-matched KC mice (n = 3), Cdkn1a
WT K-ras LA1 mice (n = 2), Cdkn1a
WT mice (n = 3), and Cdkn1a-null mice (n = 6), which were combined into a tumor-bearing group (KC mice and Cdkn1a WT K-ras LA1 mice) and a non-tumor-bearing group (Cdkn1a WT and Cdkn1a-null). Compared with non-tumor-bearing lungs, tumor-bearing lungs had increased total amounts of collagen cross-links ( Figure 8C ), higher levels of HLCCs (DHLNL, Pyr, and d-Pyr), and lower levels of the LCC HHMD ( Figure 8D ). The HLCC-to-LCC ratio was higher in tumor than normal lung for all tissues analyzed (9.19 ± 3.43 versus 2.77 ± 0.56, P = 0.0134) and for tumor and normal lung tissues that were p21-deficient (7.30 ± 1.09 versus 2.76 ± 0.54) or -replete (12.02 ± 2.89 versus 2.80 ± 0.51). Thus, the murine lung tumors shifted toward a high-HLCC, low-LCC state independently of p21 expression status.
To determine whether the HLCC-to-LCC ratio is regulated by LH2, we quantified LCCs and HLCCs in tumors generated by injecting KC2 cells stably transfected with scrambled or LH2-specific shRNAs into syngeneic Cdkn1a WT mice. Relative to scrambled shRNA-transfected KC2 tumors, LH2-depleted KC2 tumors had reduced levels of HLCCs (Pyr and d-Pyr) and increased levels of HHMD ( Figure 8E ), which significantly reduced the HLCC-to-LCC ratio (11.83 ± 1.93 versus 5.11 ± 1.26, P < 0.0001) but did not change the total amount of collagen cross-links ( Figure 8F ), indicating that LH2 induced a switch toward a high-HLCC, low-LCC state. of cyclin-dependent kinases CDK1 and CDK2, which blocks the transition from G 1 phase to S phase or from G 2 phase to mitosis after DNA damage, enabling the repair of damaged DNA (18) . p21 is a negative regulator of lung fibrosis induced by TGF-β1 (17), which promotes lung inflammation and fibrosis in patients with various diseases, including chronic obstructive pulmonary disease, idiopathic pulmonary fibrosis, and lung cancer (47) . Our results show that p21 silencing in lung tumor cells influences collagen cross-linking in the tumor stroma through the upregulation of LH2 expression. We observed that LH2 can directly modify tumor progression. These results are consistent with evidence that LH2 expression is elevated in other tumor types and is a determinant of tumor cell behavior. For example, in sarcomas and breast cancers, LH2 expression is HIF-1α inducible; promotes tumor cell invasion and metastasis; and influences collagen deposition, organization, and stiffness (38, (48) (49) (50) , but the actual types of collagen cross-links were not analyzed in these studies. Our findings provide a biochemical link between high LH2 expression and its induced changes in collagen biophysical properties by showing that LH2 controls the relative abundance of HLCCs and LCCs in the tumor stroma. This finding is consistent with evidence in osteoblasts that LH2 induces a switch in the predominant type idiopathic pulmonary fibrosis (42) , and aging, where tissues become stiffer and contain high levels of collagen cross-links (43) .
Our data show how modulating the expression of a single gene that is silenced in advanced human lung cancer, p21, can promote metastasis of K-ras-mutant lung adenocarcinoma. p21 is a target gene of a potent tumor suppressor, p53, that is somatically mutated and inactivated in lung cancer (44) . Although Tp53 inactivation promotes metastasis of K-ras-mutant lung adenocarcinomas in mice (45), the incidence of metastases induced by p53 deficiency is much lower than that observed in KC mice, implying that inactivation of p53-dependent signal transduction is not the only driver of metastasis development in KC mice. In further support of this conclusion, we showed that the metastatic properties of KC cells are variable, are not reversed by reconstituting p21 expression, and are associated with a high degree of transcriptomic dysregulation. Aneuploidy was present in the lung adenocarcinoma cells established from K-ras LA1 mice, which is consistent with evidence that mutant K-ras expression leads to aneuploidy (46) . There was no difference in aneuploidy between p21-deficient and -replete tumor cells, arguing that p21 deficiency is not the primary driver of aneuploidy in these cells. However, p21 plays an important role in maintaining genomic integrity by binding to and inhibiting the activity Although most cell types produce collagen, CAFs are considered the primary source of collagen in epithelial tumors (53) . Tumor cells that produce minimal collagen can still play a critical role in the regulation of stromal maturation by secreting LOX and LOX-like family members that initiate cross-linking of collagen deposited by CAFs or any other cell type in the tumor stroma, thereby increasing the deposition of cross-linked (fibrillar) collagen in epithelial tumors (54) . In contrast, LH2 is an intracellular, endoplasmic reticulum-resident enzyme that modifies procollagen α chains before triple helix formation and secretion into extracellular space, implying that tumor cells that express LH2 are a source of collagen that can regulate stromal biophysical properties. Given that these two enzyme classes are potentially complementary, coexpression of LH2 and LOX family members may identify tumor cells with a particularly high potential to regulate collagen cross-linking and metastasize. Indeed, coexpression of LH2 and LOX can occur because both genes are HIF-1 targets and are upregulated by extracellular signals that control the invasive and metastatic potential of tumor cells (54) . In the context of our findings, not only does hypoxia upregulate LH2, but STAT3 and paracrine signals from CAFs may also do so, demonstrating that LH2 is positioned downstream of multiple extracellular signals that control collagen cross-linking and promote metastasis.
Cancer progression is accompanied by dynamic ECM remodeling involving collagen deposition, modifications, and removal (41) . These processes are regulated by numerous cell types in the tumor microenvironment that secrete collagen, proteases, and cross-linking-associated enzymes such as LOX and LH family members (55) (56) (57) . Coordinating these processes in the ECM are factors such as TGF-β, which increases the secretion of peptides that evoke inflammation, drive fibrosis, and promote metastasis; conversely, forces generated by the ECM can modulate TGF-β-induced intracellular signaling (58, 59). TGF-β of collagen cross-link that qualitatively affects fibrillogenesis and matrix organization (7, 8) . Furthermore, we showed that, even in the absence of other cellular and soluble factors, LH2 modified the migratory and invasive behavior of lung adenocarcinoma cells, suggesting that the physical parameters of the tumor microenvironment regulated by LH2 may modify the biological properties of tumor cells. This observation is the first direct biochemical evidence, to our knowledge, that a change in the abundance of HLCCs in the tumor stroma accompanies tumor progression.
By performing LH2 loss-of-function studies, we showed that LH2 increased HLCC production and enhanced tumor cell metastatic activity. In contrast, comparisons between cell lines did not show positive correlations among LH2 expression, HLCC production, and metastatic activity. Although the basis for this discrepancy is unclear, we showed that LOX, which initiates cross-link formation (4), is highly expressed in KC4 cells and could lead to high HLCC production. Alternatively, cell lines could differentially express factors that regulate LH2 activity through mechanisms that are currently undefined, such as LH2 post-translational modifications or altered trafficking. Indeed, LH2 was recently found to be an N-glycosylated protein in colorectal cancer tissues (51) . The poor correlation could also reflect LH2 substrates other than collagen that promote metastasis and are differentially expressed in cells. Although collagen is the only known substrate for LH2, additional LH2 substrates are possible, given that LH family members bind collagen family members with distinct specificities (52) , and studies on other collagenmodifying enzymes such as LOX and LOXL family members have shown that they are not entirely dedicated to collagen and elastin and bind to histones and potentially other intracellular substrates (5) . Thus, a regulator of collagen function such as LH2 might have other substrates involved in distinct biological functions that promote metastasis. here raise the possibility that Janus kinase inhibitors, which are under investigation for the treatment of multiple cancer types, may be used to downregulate LH2 expression in tumors.
Methods
Mouse experiments. K-ras LA1/+ mice were inter-bred with Cdkn1a +/+ and
Cdkn1a
-/-mice to generate K-ras LA1/+ Cdkn1a +/+ and K-ras LA1/+ Cdkn1a -/-mice, respectively. K-ras LA1 and Cdkn1a -/-alleles were both on 129/Sv genomic backgrounds. Mice were monitored daily for signs of illness or obvious tumor burden, and moribund mice were killed. Lung tissues and metastatic tumor tissues were fixed with 3.7% buffered formalin, embedded in paraffin, and sectioned. Single sections for each lung were stained with H&E for histological evaluation. Isolation of human CAFs. Using techniques described previously (39), human CAFs were isolated from resected lung tumor tissues by flow cytometric analysis to first remove hematopoietic cells activity can, in turn, be regulated by LOX (55) . These findings highlight the dynamic and reciprocal interactions between force and ECM deposition, maturation, and removal. Clinical strategies to target these processes will need to take into account the growing evidence that cancer is a rapidly changing, phenotypically plastic, and coordinated tissue remodeling process that is tightly regulated by biochemical and physical cues. Tools in the development of such therapeutic strategies include inhibitors of LOX and LOX-like family members that have demonstrated antimetastatic activity in preclinical models (5) . Although direct inhibitors of LH2 enzymatic activity have not been reported, LH2's catalytic activity is dependent on the same co-factors (iron, oxygen, ascorbate, and α-ketoglutarate) used by other LHs, including the Jumonji histone demethylases, antagonists of which have been developed (60) and might be modified to selectively inhibit LH2. Furthermore, the findings presented WT K-ras LA1 mice (n = 2) and KC mice (n = 3) and age-matched non-tumor-bearing lung tissues (n = 9, CL) from mice that are Cdkn1a WT (n = 3) or -null (n = 6). Total cross-links in C represent the sum of cross-links in D. Results are expressed as mean ± SD. (E and F) Quantification of collagen cross-links (mol/ mol of collagen) in tumors generated by injecting KC2 cells stably transfected with LH2 shRNA (SH1, n = 7) or control shRNA (SCR, n = 5) in Cdkn1a WT mice. Total cross-links in F represent the sum of cross-links in E. Mean ± SD. P values, 2-tailed Student's t test. (61) . Murine LH2 shRNAs were constructed by inserting the hairpin sequences into the pLKO.1-TRC cloning plasmid (Addgene plasmid #10878), which was a gift from David Root, Broad Institute, Cambridge, Massachusetts, USA (62) . Target sequences for murine LH2 were SH1 (5′-CTGTGAAGGTTCTTGGTCA-3′), SH3 (5′-CCGCAATGCTAGAGATATG-3′), and SH5 (5′-CGTGAACAT-GTCTCTGAAG-3′). pMD2.G (Addgene plasmid #12259) and psPAX2 (Addgene plasmid #12260), which were gifts from Didier Trono, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland, were used for lentiviral packaging as described below. Stat3-C Flag pRc/CMV was a gift from James Darnell, Rockefeller University, New York, New York, USA (Addgene plasmid #8722). The Stat3-C Flag coding sequences were subcloned into the pIREShyg3 vector (Clontech) to generate the STAT3-CA expression vector Stable transfectant generation. Cells were infected with lentiviruses carrying shRNA or cDNA that had been packaged in 293T cells using pMD2.G and psPAX2 plasmids. After 48 hours, conditioned media were collected from the 293T cells and used for lentiviral infection of target cells. Stable transfectants were generated by selection with puromycin (10 μg/ml) for 2 weeks. phosphate-buffered saline and cold distilled water, and then lyophilized and weighed. Aliquots were reduced with standardized NaB 3 H 4 and hydrolyzed with 6N HCl. The hydrolysates were then subjected to amino acid and cross-link analyses (66) . The reducible cross-links, HLNL, DHLNL, and HHMD, were identified and measured as their reduced forms. The mature trivalent cross-links (Pyr and d-Pyr) were simultaneously identified and quantified by their fluorescence. All cross-links were quantified as mol/mol of collagen based on the value of 300 residues of hydroxyproline per collagen molecule.
Chromosome spread and karyotype analysis. KC1-KC4 cells at passage 40 were grown to 60% confluence before addition of colcemid for 3 hours for the accumulation of mitotic cells. The cells were then fixed in 3:1 methanol-acetic acid solution for karyotyping. Cells were prepared by cytospin onto slides and stained with Giemsa, and at least 75-100 metaphases were counted for karyotype analysis.
Spectral karyotyping analysis. Spectral karyotyping (SKY) analysis was performed as previously described (67) . The cocktail of mouse chromosome paints was obtained from Applied Spectral Imaging (ASI). Hybridization and detection were carried out according to the manufacturer's protocol. Chromosomes were counterstained with DAPI. Images were acquired with an SD300H Spectra cube (ASI) mounted on a Zeiss Axioplan II microscope using a custom designed optical filter (SKY-1) (Chroma Technology) and analyzed using SKY View 2. were mixed with 0.3% agar and plated in triplicate on 0.6% agar in medium supplemented with 20% FBS in 12-well plates. Cultures were maintained for 21 days to allow the formation of cell colonies, which were then visualized by MTT staining, manually counted under light microscopy, and expressed as the mean ± SD of the number of colonies from replicate wells.
Luciferase reporter assays. Murine LH2 promoter (F1522, -1,522 to +109 bp from the transcription start site) was isolated by PCR amplification from genomic DNA of TC-1 mouse embryonic stem cells and ligated into the pGL3-Basic Vector (Promega) at the MluI site. Promoter constructs deleted in the 5′ regions (F1424, F1203, F1103,  F506, and F391 ) and the HIF-1-binding site (DEL, +104 to +83 bp) and Affymetrix gene expression profiling. Total RNA was extracted from KC1-KC4 cells using TRIzol and then hybridized to Affymetrix GeneChip Mouse Genome 430 2.0 array (Asuragen). Data processing and determination of differentially expressed genes were carried out essentially as described previously (63) . Transcriptomic data sets were deposited in GEO (GSE49315).
Reverse transcription polymerase chain reaction (RT-PCR) and quantitative real-time RT-PCR (Q-PCR).
Total RNA was isolated from the cells using TRIzol (Invitrogen) according to the manufacturer's protocol. RT-PCR was performed to determine the presence or absence of LH2a and LH2b mRNA isoforms using reported methods (64) . Q-PCR assays were performed to analyze mRNA levels using a SYBR Green-based system (Applied Biosystems) after reverse transcription with qScript cDNA SuperMix (Quanta). mRNA levels were normalized on the basis of mRNA for ribosomal protein L32 (Rpl32). The primers for RT-PCR and Q-PCR are listed in Supplemental Tables 5 and 6 , respectively.
Western blotting. Cells were washed with phosphate-buffered saline and then lysed to extract total proteins with cell lysis buffer (Cell Signaling Technology). Cell lysates were separated by SDS-PAGE, transferred onto a nitrocellulose transfer membrane (Whatman Schleicher&Schuell), and then incubated with primary antibodies and horseradish peroxidase-conjugated secondary antibodies (GE Healthcare). Protein bands were visualized with Pierce ECL Western Blotting substrate (Thermo Scientific).
HIF-1α ELISA. HIF-1α protein levels were analyzed in cell lysates using the Human/Mouse Total HIF-1α immunoassay kit (R&D Systems).
LH2 immunohistochemical analysis. Histological sections of formalin-fixed, paraffin-embedded human lung cancer tissues in a tissue microarray were stained with a mouse monoclonal anti-human lysyl hydroxylase 2 antibody (R&D Systems, MAB4445). All immunoreactions were performed using a Leica BOND-MAX automated immunostainer machine (Leica Biosystems). Formalin-fixed, paraffin-embedded pellets of A549 and H522 cell lines, known to be respectively positive and negative for LH2 expression by Western blot analysis, were used for staining optimization and as controls for the tissue microarray staining. The microarray sections were deparaffinized, hydrated, and stained in the immunostainer system. In particular, epitope retrieval was performed with ER Solution 2 (EDTA buffer, H2; Leica Microsystems), endogenous peroxidase blocking was done for 15 minutes at room temperature, and protein blocking was performed with Novocastra Blocking Solution (Leica Biosystems) for 20 minutes. The primary antibody was then incubated for 60 minutes at room temperature, using a previously optimized dilution of 1:1,000. The detection system used was the Leica Polymer Refine Detection Kit (Leica Biosystems). Finally, the sections were rinsed, counterstained with hematoxylin, and mounted on glass slides prior to evaluation under the microscope. Two lung cancer pathologists evaluated the positive and negative controls for quality control of the IHC and then examined the slides using light microscopy. For survival analyses, tumors were scored as positive or negative based on cytoplasmic expression of LH2 in the tumor cells or as a continuous variable using a four-value intensity score (0, none; 1, weak; 2, moderate; and 3, strong) and percentage (0%-100%) of the extent of reactivity in the tumor cells, which were combined to obtain a final expression score by multiplying the intensity and reactivity values (range, 0-300) as described previously (65) .
Collagen cross-link analysis. Tissues were pulverized in liquid nitrogen using a Spex Freezer Mill (Spex Inc.), washed with cold and trypsin (0.075%; Invitrogen), and multicellular spheroids were generated using the hanging-drop method (68) . Cells were resuspended in medium supplemented with methylcellulose (20%; Sigma-Aldrich) and Matrigel (1%, Discovery Labware Inc.) and incubated as droplets (25 μl) containing 2,000 cells for 24-48 hours to ensure multicellular aggregation. K1 cell spheroids were washed with medium and mixed with a solution of KC2 cells in rat tail collagen (SERVA Electrophoresis) (2.0 mg/ml), which was pipetted as a drop-matrix, polymerized at 37°C, and replaced with medium. Spheroids were examined for invasive features 24 hours after seeding.
Statistics. For global mRNA expression studies, we performed 2-sided t tests using log-transformed data to determine significant differences in mean mRNA levels between highly (KC1, KC2, and KC3) and poorly (KC4) metastatic cells. Two-tailed t test on log-transformed LH2 scores in tissue microarray was used to test the difference in LH2 protein levels in lung tumors of different histologies and grades. The Kaplan-Meier method was used to construct overall and distant metastasis-free survival curves, and the log-rank test was used to test the difference by covariate levels. Oneway ANOVA was used for multiple comparisons. Unless otherwise indicated, comparisons between the means of different experimental groups were performed using a Student's t test. Mann-Whitney U test was performed to examine the effect of LH2 overexpression on the tumorigenicity and metastatic activity of KC4 cells. P values less than 0.05 were considered significant. Gifts used in this work include the constitutively active mutant STAT3 plasmid from James E. Darnell Jr., the pLKO.1-TRC cloning plasmid from David Root, the pMD2.G and psPAX2 plasmids from Didier Trono, and the scrambled shRNA plasmid from David Sabatini. We thank Yiqun Zhang for technical assistance. mutated in HIF-1α (HIF-1-m) and Egr1 (Egr1-m) sites were generated by using a PCR-based method. The primers used for the promoter cloning and construction are listed in Supplemental Table 7 . A549 cells were seeded on 24-well plates (1 × 10 5 cells/well) 1 day before transfection. Cells were cotransfected with promoter reporters (500 ng) and constitutively active STAT3 (STAT3-CA, 500 ng). A pRL-TK vector (50 ng, Promega) was cotransfected as an internal control. After 48 hours of transfection, luciferase activity was measured with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol.
Immunofluorescence staining. Tumor cells were cultured on glass coverslips, fixed with formaldehyde, permeabilized, and incubated with antibody to SPC followed by FITC-conjugated secondary antibody. Cells were analyzed using a fluorescence microscope, and digital images of FITC staining were captured.
ChIP assays. A549 cells were cross-linked with 1% formaldehyde and then incubated in lysis buffer (50 mM Tris-HCl [pH 8.1], 1% SDS, 10 mM EDTA, and protease inhibitor cocktail) on ice for 10 minutes. After sonication (Cole-Parmer GEX-130 sonicator; 50% power, pulse-on for 10 seconds, pulse-off for 10 seconds, 20 cycles), samples were immunoprecipitated with anti-STAT3 (Cell Signaling Technology), anti-HIF-1α antibody (Novus Biologicals), or anti-mouse IgG (Santa Cruz Biotechnology Inc.). DNA was eluted and purified with a PCR purification kit (QIAGEN), and Q-PCR was carried out with specific primers to amplify the HIF-1-binding site of the LH2 promoter (-209 ~ +25 bp, forward: 5′-TAACGCAGCTGAGTGAGGTC-3′, reverse: 5′-CGCAGGCAGCTCCTTAAATA-3′) or a nonspecific region within intron 17 of LH2 mRNA as a negative control (forward: 5′-GCAGTCTCAGCTGCTTGATG-3′, reverse: 5′-TTACTGCCTCTG-CACGGTTA-3′). The percentage of DNA bound was calculated using the following formula: DNA precipitation (% of input) = 2 ΔCt /10 × 100 (%), where ΔCt = Ct(input) − Ct(sample), and Ct is cycle threshold. One-tenth of lysate used for immunoprecipitation was used as input. SHG using two-photon microscopy. SHG signal from collagen were detected upon excitation with a 920 nm laser and collected using a BP 460/50 filter. The images were acquired using the SP5 RS Leica multiphoton microscope with a 25× NA 1.10 W Nikon objective lens.
Stiffness measurement. Tumors were mechanically characterized by unconfined compression testing using a Bose ElectroForce ELF 3200 mechanical testing machine and 22.5 N load cell (Bose ElectroForce). Sections of tumor were cut out using a 5-mm biopsy punch trimmed to 2 mm thick with a scalpel. The sections were placed between flat platens and compressed to 40% strain at 0.01 mm/s. Force and displacement data were recorded at 100 points per second and translated to stress and stain by dividing force by cross-sectional area and displacement by initial thickness, respectively. The compressive modulus was determined by simple linear regression of the stressversus-strain curve from 5% to 15% strain, with the slope of the line calculated by least-squares fitting.
Electron microscopy. Tumors were fixed in 100 mM sodium cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde for 2 hours at room temperature. After rinsing in 100 mM sodium cacodylate buffer, the tumors were post-fixed and heavy metal-contrasted with potassium ferrocyanide, osmium tetroxide, thiocarbohydrazide, uranyl acetate, and lead aspartate. Next, the tumors were dehydrated in ethanol followed by acetone and embedded in Embed 812 resin (Electron Microscopy Sciences). Ultrathin sections 100-200 nm thick were
